The recent success in restoring normoglycemia in type 1 diabetes by islet cell transplantation indicates that cell replacement therapy of this severe disease is achievable. However, the severe lack of donor islets has increased the demand for alternative sources of ␤-cells, such as adult and embryonic stem cells. Here, we investigate the potential of human embryonic stem cells (hESCs) to differentiate into ␤-cells. T he pancreatic islets of Langerhans originate from definitive endoderm. The path from definitive endoderm to the mature hormone-producing islet cell types is complex and involves sequential cell-fate decisions, including formation of pancreatic endoderm, endocrine progenitors, and hormone-producing islet cell types, including ␤-cells. Systematic studies of the developmental biology of the pancreas have generated important knowledge about the lineage relationship between the different pancreatic cell types and the transcriptional machinery that regulates cell-type specification (1-3). In addition, important information about the extracellular signals that orchestrate pancreatic cell differentiation and morphogenesis has recently emerged (2,4). However, much remains to be learned about the extracellular cues that specify, maintain, expand, and differentiate endocrine progenitors. Taking these facts into account, the objective to in vitro control differentiation of undifferentiated embryonic stem cells into bona fide pancreatic ␤-cells via the sequential cell-fate decisions that operate during normal ␤-cell development will be a challenging task.
T he pancreatic islets of Langerhans originate from definitive endoderm. The path from definitive endoderm to the mature hormone-producing islet cell types is complex and involves sequential cell-fate decisions, including formation of pancreatic endoderm, endocrine progenitors, and hormone-producing islet cell types, including ␤-cells. Systematic studies of the developmental biology of the pancreas have generated important knowledge about the lineage relationship between the different pancreatic cell types and the transcriptional machinery that regulates cell-type specification (1) (2) (3) . In addition, important information about the extracellular signals that orchestrate pancreatic cell differentiation and morphogenesis has recently emerged (2, 4) . However, much remains to be learned about the extracellular cues that specify, maintain, expand, and differentiate endocrine progenitors. Taking these facts into account, the objective to in vitro control differentiation of undifferentiated embryonic stem cells into bona fide pancreatic ␤-cells via the sequential cell-fate decisions that operate during normal ␤-cell development will be a challenging task.
The potential use of human embryonic stem cells (hESCs) as a source for new ␤-cells in cell replacement therapy of type 1 diabetes and as a tool to study human ␤-cell development has created great interest in devising strategies for coaxing hESCs into pancreatic ␤-cells. The rationale for the former is that cell replacement therapy of this severe disease already exists in the form of islet transplantation, but cadaveric islets available from donors are insufficient for the present and future need in islet transplantation. Thus, the unique nature of hESCs to either self-renew or differentiate into most of our cell types, presumably also islet cell types, including ␤-cells, suggests that these cells could potentially supply an unlimited source of transplantable islet cells in the future.
Recent studies have shown that insulin ϩ cells can be generated from embryonic stem cells by the use of different experimental strategies (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . For example, spontaneous differentiation of mouse embryonic stem cells resulted in ineffective differentiation of insulin-producing cells (8) . The most frequently used approach is based on the findings that similar mechanisms operate to control the development of both the central nervous system and the pancreas (15) (16) (17) and that insulin-producing cells have been observed in the nervous system of invertebrates (18 -20) and in primary cell cultures from mammalian fetal brain (21) . Specifically, embryonic stem cells were induced to differentiate into nestin-producing neural precursors that were expanded and exposed to conditions, which resulted in clusters of insulin-containing cells. In addition, this protocol has been modified, e.g., by constitutive expression of the transcription factors Pdx1 and Pax4 and phosphatidylinositol 3-kinase inhibitors, to enhance the efficiency of the number of insulin-containing cells (6, 7) . Insufficient characterization of the origin and phenotype of these insulin ϩ cells together with recent observations that the majority of the insulin ϩ cells do not synthesize de novo insulin, lack Pdx1, a key ␤-cell transcription factor, and accumulate insulin from the medium suggest that the nestin ϩ progenitor is not a reproducible source for bona fide ␤-cells (22) (23) (24) . These embryonic stem cell results are consistent with recent cell lineage analysis demonstrating that nestin-expressing cells within the pancreas give rise to mesenchymal cell types and few exocrine cells but no islet cell types (25) .
These findings emphasize the need for using the same instructive principles that operate during normal ␤-cell development when coaxing embryonic stem cells into insulin-producing ␤-cells. This conceptual experimental strategy was previously shown to be realizable for in vitro differentiation of mouse embryonic stem cells into functional motor neuron (26) . In this study, we have characterized spontaneous differentiation of hESCs into pancreatic progenitors and their mature exocrine and endocrine descendents in vitro. Whereas pancreatic endoderm and endocrine progenitors spontaneously formed, no pancreatic insulin-producing cells appeared. To address whether the pancreatic progenitors were capable of responding to cues from the developing pancreas, the cells were cotransplanted with mouse embryonic pancreas under the kidney capsule. Notably, this resulted in the differentiation of insulin ϩ cell clusters, which exhibited many of the characteristic features of normal ␤-cells, such as de novo synthesis and processing of human insulin, as revealed by proinsulin and C-peptide expression, respectively. Furthermore, key ␤-cell transcription factors, such as Foxa2, Pdx1, and Isl1, were confined to the nucleus.
RESEARCH DESIGN AND METHODS
In vitro culture and differentiation of hESCs. All in vitro experiments were performed with the hESC lines SA002, AS034, SA121, and SA181, whereas all transplantation experiments were performed with AS034 (27) . Undifferentiated hESCs were propagated as previously described (27) . Briefly, they were maintained on mitotically inactivated mouse embryonic fibroblasts (MEFs) with one-half medium change every 2nd day and manually passaged every 4 -5 days onto fresh MEFs. Spontaneous differentiation of hESCs was induced by maintaining hESC colonies on MEFs without passaging for up to 34 days with one-half medium changes every 2nd to 3rd day. Cells expressing various endodermal markers (Foxa2 ϩ , Pdx1 ϩ , and Isl1 ϩ ) became numerous around day 14 at the periphery of spontaneously differentiated hESC (dhESC) colonies. The peripheral areas of dhESC colonies were manually isolated for the transplantation experiments. Animals. The transgenic B5/enhanced green fluorescent protein (B5/ EGFP) (The Jackson Laboratory) (28) , C57B1/6J (The Jackson Laboratory), and SCID Beige (Charles River Laboratories) mouse strains were used. Transplantation of dhESCs. A heterogeneous population of in vitro dhESCs (14 -19 days) , including pancreatic Pdx1 ϩ progenitors (Fig. 1B and C) , were harvested by manual dissection, pooled, and divided into eppendorf tubes (100,000 -150,000 cells), suspended in VitroHES (Vitrolife) supplemented with 4 ng/ml hrbFGF (Invitrogen), and placed in cell incubator until transplanted. Before transplantation, cells were centrifuged at 400 ϫ g for 2 min, medium was discarded, and cells were resuspended in Cryo-PBS (Vitrolife) and transplanted without (n ϭ 12, dhESCs) or with pieces of embryonic day (E) 11.5 (n ϭ 8, dhESC/E11.5dp) or E13.5 (n ϭ 5, dhESC/E13.5dp) dorsal pancreases from EGFP mouse embryos beneath the right kidney capsule of 5- to 7-week-old female SCID mice anesthetized with isofluran (Schering-Plough Animal Health) (n ϭ number of transplanted animals) (29) . As positive controls, E11.5 (n ϭ 4, E11.5dp) and E13.5 (n ϭ 4, E13.5dp) dorsal pancreata from EGFP mouse embryos were transplanted under the kidney capsule. As a negative control, Cryo-PBS (n ϭ 6) was injected under the kidney capsule. Further controls included cotransplantation of the same pool of dhESCs with E11.5 liver (n ϭ 1, dhESC/E11.5liv) or telencephalon (n ϭ 1, dhESC/E11.5tel) from EGFP mouse embryos. Eight weeks after the transplantation, the recipients were killed, blood was collected for human C-peptide analysis in serum, and the right kidney together with the graft was removed for further analysis. Histological analysis. Xenografted kidneys were fixed in 4.0% paraformaldehyde (PFA), infiltrated with 30% sucrose solution in PBS, embedded in Tissue-Tek compound (Sakura Finetek Europe), and frozen on dry ice. For histological examination, sections (10 -12 m) were stained with hematoxylin and eosin and photographed by a Zeiss Axioskop 2. Immunohistochemistry. PFA-fixed air-dried cryo-sections (10 -12 m) were incubated in 0.1% Triton X-100 in PBS (PBS-T, wash medium) for 30 min before the staining procedure. dhESC colonies were fixed with 4.0% PFA for 10 -15 min and washed three times for 5 min in PBS-T. Fixed hESC colonies and cryo-sections were washed in PBS, heated in microwave oven in 0.5 mol/l Tris-Base solution, pH 10 (only for C-peptide and proinsulin stainings), postfixed in methanol in serial dilutions (25, 50 , and 75% methanol in PBS-T and 100% methanol with 3% H 2 O 2 [only for Isl1 stainings]), and blocked in PBS supplemented with 5-10% serum (normal donkey serum, normal goat serum, or FCS; Jackson Immunoresearch) for 1 h at room temperature before they were incubated overnight at 4°C with the following primary antibodies and dilutions: goat polyclonal antibody anti-Foxa2 (Santa Cruz Biotechnology; 1:400), rabbit anti-Pdx1 (a gift from Dr. C. Wright; 1:2,000), rat monoclonal antibody (mAb) anti-E-cadherin (Zymed; 1:200), guinea pig anti-insulin (Dako; 1:1,000), rabbit anti-glucagon (Zymed; 1:1,000), rabbit anti-human ␣-amylase (Sigma; 1:1,000), mouse mAb anti-human proinsulin (a gift from Dr. P. Serup; 1:1,000) (30), rat mAb anti-human C-peptide (a gift from Dr. P. Serup; 1:2,000) (31), rabbit anti-mouse C-peptide (a gift from Dr. P. Serup; 1:1,500), guinea pig anti-Isl1 (a gift from Dr. H. Edlund; 1:1,000), mouse mAb anti-human nuclei (Chemicon; 1:250), mAb anti-␣-fetoprotein (Sigma; 1:500), mouse mAb anti-desmin (Chemicon; 1:100), mouse anti-nestin (BD Biosciences; 1:200), mouse mAb anti-human ␤-tubulin isotype III (Sigma; 1:100), mouse mAb anti-human Oct-4 (Santa Cruz; 1:500), mouse mAb anti-␣ smooth muscle actin (Sigma; 1:200), and rabbit anti-human ␣-1-antitrypsin (Dako; 1:200); washed three times for 5 min in PBS-T; and incubated with secondary antibodies (diluted according to the manufacturer's instructions) for 60 min in PBS-T supplemented with 1-5% serum (staining solution) at room temperature. TSA kit (TSA Fluorescence Systems Fluorescein [green, NEL701]) or Tetramethylrhodamine (red, NEL702) (PerkinElmer) was used for visualizing proinsulin and C-peptide. Cell nuclei were visualized by incubating 4 min with 4Ј-6Јdiamidino-2-phenylindole (DAPI) (SigmaAldrich; 1:1,000) in PBS. EGFP-expressing cells and immunofluorescence stainings were detected and analyzed by epifluorescence microscopy (Zeiss Axioskop 2). For confocal images Leica LCS NT and Zeiss LSM 510 META confocal microscopes were used. C-peptide levels in serum. Eight weeks after transplantation, the recipient mice were killed, and blood was collected for serum extraction. Human C-peptide levels in mouse serum were measured using a commercially available C-peptide enzyme-linked immunosorbent assay kit (Dako Cytomation), which specifically detects human C-peptide, according to the manufacturer's instructions. Cell isolation and RNA extraction for measurement of gene expression by PCR. Undifferentiated hESCs and a heterogeneous population of in vitro dhESCs at days 7, 12, and 17 were isolated, as described above. RNA was isolated from the cells using the RNeasy Midi kit (Qiagen) and treated with the RNase-free DNase kit (Qiagen) according to the manufacturer's instructions. The SuperScript II (Invitrogen) reagent set was used for the reverse transcription reaction, after which PCR was performed. RNA extraction and standard PCR techniques were performed and analyzed as described by Ståhlberg et al. (32) . To detect Ngn3, NeuroD1, Nkx2.2, and Pax6, primer sequences and RT-PCR conditions were as previously described (33, 34) . The primers for Oct4 were CGAAAGAGAAAGCGAACCAG (forward) and AACCACACTCGGACCA CATC (reverse), Nanog primers were CCTATGCCTGTGATTTGTGG (forward) and AAGTGGGTTGTTTGCCTTTG (reverse), Hb9 primers were GCAC CAGTTCAAGCTCAA CA (forward) and CCTTCTGTTTCTCCGCTTCC (reverse), Nkx6.1 primers were ATTCGTTGGGGATGACAGAG (forward) and CGAGTC CTGCTTCTTCTTGG (reverse), and Pdx1 primers were CCCATGGATGAAGT CTACC (forward) and GTCCTCCTCCTTTTTCCAC (reverse).
RESULTS

Spontaneous differentiation of hESCs results in Pdx1
؉ cells but no insulin ؉ cells. To examine whether hESCs spontaneously differentiate into pancreatic progenitors and hormone-producing cells, spontaneous differentiation was induced under two-and three-dimensional conditions by maintaining hESCs on MEFs without passaging and in suspension cultures (embryoid bodies), respectively. Cellular morphology and expression of gene products that define cell types derived from all three germ layers were monitored at different time points. Whereas few pancreatic progenitors were found in embryoid bodies (data not shown), differentiation on MEFs generated cells with characteristics of pancreatic progenitor cells (see below). Throughout the rest of the study, dhESCs refer to cells differentiated on MEFs (Fig. 1A-C 
ϩ , which started to appear at day 5, and became numerous around day 12 ( Fig. 1H-K) . Notably, all Pdx1 ϩ cells coexpressed Foxa2 at all stages. The fact that pancreatic progenitors normally express both Foxa2 and Pdx1 (35) suggests that this hESC-derived cell population represents pancreatic progenitors. The presence of pancreatic progenitors was corroborated by RT-PCR analysis of the differentiated peripheral cell population, which demonstrated that additional pancreatic endodermal markers, such as Hb9 and Nkx6.1, were induced at the time when the Pdx1 ϩ cells were observed (data not shown). It has previously been shown that endocrine progenitors express Ngn3 and Isl1 and that these transcription factors are essential for differentiation of all islet cell types (36, 37) . To identify endocrine progenitors, we therefore examined the mRNA expression pattern of endocrine markers and searched by immunofluorescence for cells coexpressing Isl1 and Pdx1. Starting from around day 19, we identified rare clusters of Pdx1 ϩ /Isl1 ϩ cells, suggesting that hESCs spontaneously differentiate into pancreatic endocrine progenitors (Fig. 1L-O) . However, early endocrine cell differentiation appeared to be inefficient because Ngn3 mRNA was not detected by RT-PCR within the differentiated peripheral cell population (data not shown). Finally, insulin protein and Nkx2.2 mRNA was not detected during the whole differentiation period (34 days).
In contrast to the endoderm, which was confined to the periphery of the colonies, neuroectodermal derivatives, such as cells expressing nestin and ␤III-tubulin, were mainly confined to the center of the colonies until day 10 ( Fig. 1D-G) . After day 10, these cell types drastically decreased, suggesting that the culture conditions were unfavorable for differentiation/maintenance of neuroectodermal lineages.
Cotransplantation of dhESCs with embryonic mouse pancreas induces differentiation of insulin
؉ cells. The in vitro results suggested that hESCs spontaneously differentiate into Pdx1 ϩ pancreatic progenitors, including Pdx1 ϩ /Isl1 ϩ endocrine precursors. However, the fact that even after prolonged culture periods no insulin ϩ cells appeared suggested that the appropriate extracellular cues for inducing differentiation and maturation of these cells were lacking in vitro. To test whether exposure to signals from the developing pancreas could drive differentiation of spontaneously dhESCs, a series of cotransplantation experiments were performed where dhESCs, including Pdx1 ϩ pancreatic progenitors, were grafted together with the developing mouse pancreas under the kidney capsule of SCID mice. Normally, grafting fetal mouse and human pancreatic tissue under the kidney capsule results in differentiation of both endocrine and exocrine cell types, suggesting that the kidney provides the necessary cues for promoting pancreatic cell-type differentiation. We chose two stages of the developing pancreas, E11.5 and E13.5, which represent phases of pancreatic progenitor expansion and endocrine cell differentiation/expansion, respectively (38, 39) . As controls, dhESCs were grafted with other mouse embryonic tissues, such as the liver and telecephalon. To examine the consequence of cotransplanting different embryonic mouse organs with the dhESCs on pancreatic cell-type differentiation, histochemical and immunofluorescence analyses were performed. Histochemical analysis demonstrated that independent of whether the dhESCs were grafted alone or with the different embryonic mouse tissues, grafts were mainly composed of epithelial cells organized in ducts and gut-like (containing mucousproducing cells) structures surrounded by connective tissue and smooth muscle cells.
To identify hESC-derived cells, we used an antibody against human nuclear antigen, whereas the grafted mouse cells, including the embryonic pancreas, liver, and telencephalon, were identified by transgenic EGFP expression. Mouse host cells were identified as DAPI ϩ cells that neither expressed EGFP nor were recognizable by the anti-human nuclear antibody ( Fig. 2A-C) . As expected, the grafted EGFP ϩ mouse pancreatic cells differentiated into insulin ϩ , glucagon ϩ , and amylase ϩ cells (Fig. 2D-I) . Notably, in all animals in which dhESCs were cotransplanted with E11.5 or E13.5 EGFP dorsal pancreata, differentiation of hESC-derived insulin ϩ cells (human nuclei ϩ /ins ϩ /EGFP Ϫ ) was induced (Figs. 3A-C and 4). The insulin ϩ cells were predominantly organized into clusters of 5-25 cells (Fig. 3A-C ), which were localized nearby but not in direct contact with the embryonic mouse cells, which also underwent differentiation into islet-like clusters (Fig. 2) . Importantly, no human nuclei ϩ /ins ϩ cells were identified when dhESCs were transplanted alone or together with either mouse embryonic liver of telencephalon (Fig. 4) . In contrast to the insulin ϩ cells, glucagon ϩ and amylase ϩ cells of hESC origin (human nuclei ϩ / EGFP Ϫ ) were also identified in grafts from dhESCs alone. In these grafts, glucagon ϩ and amylase ϩ cells of hESC origin were preferentially localized in ducts (data not shown), whereas in grafts from cotransplanted dhESCs and mouse dorsal pancreases, they were organized into small clusters (5-10 cells) distinct from the hESC-and mouse-derived insulin ϩ cell clusters (Fig. 3D-I 
The hESC-derived insulin
؉ cells express human proinsulin, C-peptide, and key ␤-cell transcription factors. To characterize the insulin ϩ cells further, we investigated whether they synthesized and processed insulin and expressed other characteristics of normal ␤-cells, such as expression of transcription factors known to regulate development and function of ␤-cells. To examine whether insulin ϩ cells synthesized and processed insulin, coexpression of proinsulin and C-peptide were analyzed. We show that the same cells that expressed insulin also expressed proinsulin and C-peptide, indicating that insulin ϩ cells synthesized and processed insulin (Figs.  4 -6 ). It is expected that cells, which synthesize and secrete insulin, should express key ␤-cell transcription factors, such as Foxa2, Pdx1, and Isl1, which participate in the transcriptional regulation of ␤-cell differentiation and function. Isl1 is required for formation of progenitors for all islet cell types, whereas Foxa2 and Pdx1 are required for growth and differentiation of all pancreatic cell types and for ␤-cell function (1-3) . Importantly, the insulin ϩ cells expressed Foxa2, Pdx1, and Isl1, emphasizing some ␤-cell features of these cells (Figs. 4 -6 ). E-cadherin, which is normally expressed in both exocrine and endocrine cell types (40, 41) , was also expressed in the hESCderived insulin ϩ cells (data not shown). Moreover, Pdx1 was expressed at markedly lower levels in the insulin ϩ cells compared with the surrounding insulin Ϫ epithelial cells (Fig. 5A) . For comparative analysis, we stained sections of adult human pancreas with antibodies against Pdx1, Isl1, proinsulin, C-peptide, and insulin (Fig. 5B) . Thus, based on the comparative marker expression analysis between hESC-derived insulin ϩ cells and normal adult ␤-cells, we conclude that the hESC-derived insulin ϩ cells synthesize and process insulin and share additional important features of normal ␤-cells, such as the expression of essential ␤-cell transcription factors.
FIG. 2. Cotransplantation of dhESCs and EGFP ؉ mouse dorsal pancreas (dp). A-C: Human nuclei antibody (HN) (red) (A) was used to distinguish human cells from EGFP
DISCUSSION
Although we know that mouse embryonic stem cells can differentiate into functional ␤-cells in chimeric mice, this process cannot be controlled in vitro. Similar pluripotency tests cannot, for obvious ethical reasons, be carried out with hESCs, which is why it remains to be shown whether hESCs can differentiate into insulin-producing ␤-cells. Therefore, our finding that hESCs, under certain conditions, can be coaxed into insulin-producing cells with ␤-cell features is of significant importance. Moreover, based on the observation that many of the mechanistic principles that regulate ␤-cell development are conserved throughout evolution, it is assumed that knowledge of ␤-cell development from nonprimate model organisms can be applied to hESCs. For this reason, it is particularly encouraging that we find that signals from the mouse embryonic pancreas can specifically induce differentiation of hESCs into insulin-producing ␤-cell-like cells, suggesting that hESCs respond to extracellular cues that normally regulate ␤-cell differentiation and that these signals are conserved from mice to men.
Our findings raise several interesting questions. First, what is the origin of the insulin ϩ cells? Second, why do hESCs fail to differentiate into insulin ϩ cells in vitro? Third, how similar are the hESC-derived insulin ϩ cells to normal ␤-cells? The fact that we have been unable to determine the cell lineage relationship between potential pancreatic progenitors in vitro and the insulin-producing cells within the graft leaves us with speculations regarding the origin of the insulin ϩ cells. The combinatorial expression of Foxa2 and Pdx1 indicates that foregut endoderm progenitors spontaneously differentiate from hESCs in vitro. Moreover, the presence of such cells implies that definitive endoderm spontaneously differentiate in vitro under current experimental conditions. A potential caveat in validating definitive endoderm is that several genes known to regulate definitive endoderm and its derivatives, such as Sox17 and Foxa2, are also expressed in extraembryonic endoderm (42, 43) . Moreover, expression of Pdx1 mRNA and insulin in visceral endoderm, which later becomes the yolk sac, has been reported (44) . However, we failed to detect Pdx1 protein in the mouse yolk sac (data not shown). Although both definitive and extraembryonic endoderm share many markers, ␣-fetoprotein has been reported to be a major secreted protein in the 14 -19) ; dp, EGFP ؉ mouse embryonic dorsal pancreas. Scale bars: 25 m.
FIG. 4. Characterization of hESC-derived insulin
؉ cells. In vitro differentiation was for up to 34 days. For in vivo differentiation, dhESCs were transplanted alone or cotransplanted with dp, liv, or tel under the kidney capsule for 8 weeks. visceral yolk sac (45) , whereas it is transiently expressed in embryonic endoderm derivatives, such as fetal hepatic cells (46) . The fact that few ␣-fetoprotein ϩ cells were identified in colonies enriched for Foxa2 ϩ /Pdx1 ϩ cells in vitro suggests that the Foxa2 ϩ /Pdx1 ϩ cells originate from definitive endoderm and not from extraembryonic endoderm. Yet, perhaps the most convincing evidence of definitive endoderm-derived pancreatic islet progenitors in vitro was the appearance of Pdx1 ϩ /Isl1 ϩ cells, which appeared rather late during the differentiation period. Altogether, the data support in vitro differentiation of definitive endoderm-derived pancreatic and islet progenitors. We speculate that a fraction of these cells can respond to differentiation cues present in the mouse embryonic pancreas by maturing into hormone-producing islet cell types and acinar cells in vivo.
The fact that no insulin ϩ cells appeared throughout the in vitro differentiation period (34 days) could either be explained by timing or inappropriate extracellular cues. The former may be pertinent because it takes ϳ7-8 weeks to go from a gastrulating human embryo to insulin-produc- sections (a, b, d , and e) of adult human pancreas for Pdx1 (red) (b), insulin (green) (c), Isl1 (green) (d), C-peptide (green) (e), and merged images of proinsulin (green) and insulin (red) (f). dhESC, manually isolated dhESCs from the periphery of spontaneously dhESC colonies (days 14 -19); dp, EGFP ؉ mouse embryonic dorsal pancreas. Scale bars: 50 m. 14 -19) ; dp, EGFP ؉ mouse embryonic dorsal pancreas. Scale bars: 20 m.
FIG. 6. hESC-derived insulin
ing cells (4) . However, grafting dhESCs, including Pdx1 ϩ progenitors, for 8 weeks did not result in differentiation of insulin ϩ cells, arguing against time being the complete answer. In fact, insulin ϩ cells only appeared when dhESCs were cotransplanted with the mouse dorsal pancreas and not when they were transplanted alone or with other embryonic tissues, such as the liver and telencephalon. Therefore, we favor an alternative explanation, namely that the appropriate stimulatory/inhibitory extracellular cues for inducing differentiation and maturation of hESCs into insulin-producing ␤-cell-like cells are lacking in vitro.
Finally, with regard to the ␤-cell features of the hESCderived insulin-producing cells, the cells apparently synthesize and process insulin, as defined by the expression of proinsulin and C-peptide. Moreover, in one of the mice cotransplanted with hESCs and mouse dorsal pancreas, human C-peptide was detected at levels (1.81 ng/ml) corresponding to normal serum C-peptide levels in nonfasted humans (ϳ2 ng/ml) (47, 48) . Notably, the graft from this individual contained the highest number of insulin ϩ clusters (data not shown). Furthermore, immunofluorescence analysis showed that transcription factors known to regulate development and function of ␤-cells, such as Foxa2, Pdx1, and Isl1, were confined to the nuclei of hESC-derived insulin-producing cells, lending further support to the ␤-cell characteristics of these cells. Notably, Pdx1 expression was markedly lower within Pdx1 ϩ /insulin ϩ cells compared with the surrounding Pdx1 ϩ /insulin Ϫ cells. Consistently, it was recently demonstrated that during human fetal pancreas development, Pdx1 expression was lower in developing ␤-cells compared with the neighboring epithelial progenitors (49) . In contrast, newly formed mouse ␤-cells express higher levels of Pdx1 compared with the surrounding pancreatic Pdx1 ϩ /insulin Ϫ progenitors (38, 49) . Whether the apparent discrepancy in Pdx1 expression during ␤-cell differentiation in mice and humans implies differences in the role of Pdx1 remains to be shown. Finally, the rather inefficient differentiation of the insulin-producing cells impedes their isolation for more extended characterization of their functional characteristics, such as glucose-regulated insulin-secretion and ability to restore normoglycemia in mice with experimentally induced diabetes. Future studies will focus on elucidating the origin of the insulin ϩ cells, understanding which steps in the differentiation of hESCs toward an insulin-producing ␤-cell-like cell the embryonic mouse pancreas regulates, and the functional characteristics of these cells.
